Transition metals have been recognized and studied primarily in the context of their essential roles as structural and metabolic cofactors for biomolecules that compose living systems. More recently, an emerging paradigm of transition-metal signaling, where dynamic changes in transitional metal pools can modulate protein function, cell fate, and organism health and disease, has broadened our view of the potential contributions of these essential nutrients in biology. Using copper as a canonical example of transition-metal signaling, we highlight key experiments where direct measurement and/or visualization of dynamic copper pools, in combination with biochemical, physiological, and behavioral studies, have deciphered sources, targets, and physiological effects of copper signals.
Transition metals are indispensable for all living systems. These essential elements serve not only as structural cofactors for proteins and nucleic acids (1) , but they also perform exquisite chemistry in their roles as metabolic cofactors in enzymes, facilitating essential processes such as oxygen transport, neurotransmitter synthesis and metabolism, nucleic acid repair and epigenetics, and construction of the extracellular matrix (1) . Key transition metals that can undergo reduction-oxidation (redox) cycling under biological conditions (e.g. copper, iron, manganese, and nickel) also facilitate the electron transport necessary for photosynthesis, cellular respiration, and enzymatic redox reactions (2) . In addition to these critical functions, transition-metal signaling has emerged as an exciting new field of study in living systems (3) . In this expanded paradigm, transition metals not only serve as static structural and metabolic cofactors, but also are mobilized by cells to dynamically regulate enzymatic activity and communicate information both within cells and between cells. Indeed, recent advances in the observation of transition-metal signaling across multiple organ systems in both healthy and diseased states highlight its importance in mammalian biology. Here, we focus on copper as a canonical example of a transition metal signal, providing a summary of current understanding of copper signaling in neurobiology, immunity, cancer, and fat metabolism and future prospects for the field.
Acquisition and trafficking of copper in mammals
To set the stage for discussing copper signaling, we first provide an overview of copper homeostasis in mammalian systems.
Copper is an essential mineral that must be acquired through the diet and trafficked to the organs, cells, and proteins that require copper for health (4) . The majority (70%) of copper import into mammalian cells occurs through copper transporter 1 (CTR1) (5) , from which copper is passed to intracellular chaperone proteins or small molecules, such as glutathione, which carry copper through the cytoplasm (6, 7) . The copper chaperone Atox1 delivers copper to the copper-transporting ATPases ATP7A and ATP7B, copper exporters typically located on the Golgi apparatus and responsible for loading copper into cuproenzymes, including ceruloplasmin and dopamine ␤-hydroxylase (8, 9) . Under conditions of high intracellular copper, ATP7A relocalizes to the plasma membrane to facilitate copper export (10) . The copper chaperone for superoxide dismutase delivers copper to Cu,Zn-superoxide dismutase 1 (SOD1), an enzyme responsible for detoxifying superoxide by converting it to hydrogen peroxide (11) . Additional unknown chaperones deliver copper to the mitochondrial matrix, where it is mobilized through various channels to metalate cytochrome c oxidase, an essential component of the electron transport pathway, and mitochondrial SOD 2 (12) . For a detailed discussion of copper homeostasis in eukaryotes, the reader is referred to an insightful review by Nevitt et al. (13) .
These well-established copper acquisition and trafficking pathways highlight the importance of proper delivery of copper to essential cuproenzymes. However, mounting experimental evidence suggests the presence of kinetically accessible pools of cro THEMATIC MINIREVIEW copper that are not buried in enzyme-active sites but can be readily mobilized to the intra-or extracellular space with a cellular stimulus (14) . Although the molecular mechanisms of copper mobilization remain poorly understood, we suggest that mobilization would involve the rapid reorganization of copper ions from one subset of protein and small molecule-binding sites to another, which may result in copper crossing membranes. On a practical level, this pool of accessible copper can be diminished by short-term treatment with copper chelators, leading to the term "labile" or "chelatable" copper pool. The choice of chelator is critical. On short time scales (Ͻ1 h), membrane-impermeable chelators deplete only extracellular copper and copper that may be rapidly moving through release-anduptake cycles, whereas membrane-permeable chelators can access both intra-and extracellular copper, as well as potentially form ternary complexes with copper chaperones (15), preventing copper trafficking or mobilization. Additionally, copper ionophores, such as clioquinol and other 8-hydroxyquinoline (8HQ) derivatives, redistribute copper across cell and organelle membranes, altering the labile copper pool without adding or removing copper from the system (16, 17) . Changes to the labile copper pool may be assessed by the use of fluorescent small-molecule indicators that can equilibrate with kinetically accessible copper in the cytosol, enabling one to distinguish labile copper from total copper, the latter of which is typicallymeasuredusingdirecttechniques,includingX-rayfluorescence microscopy (XFM) or mass spectrometry imaging (14, 18) .
Augmentation or restriction of the labile copper pool alters the function of a number of enzymes, some through direct binding to copper, leading to the notion that copper itself may serve as a cellular signal that modulates the activity of proteins. Indeed, copper signaling has been identified through multiple independent studies centered on the brain, and it has now been expanded to encompass a broader range of organ systems, as we shall explore below. The reader is also referred to an excellent summary of copper as a key regulator of cell signaling pathways by Grubman and White (19) .
Copper signaling in neurobiology
Early studies suggesting that copper could serve essential functions outside of enzyme-active sites came from the observation by Hartter and Barnea (20) that isolated synaptic termini (e.g. synaptosomes) preloaded with radioactive 67 Cu could rapidly release copper upon depolarization. These in vitro data were corroborated by ex vivo studies by Gitlin and co-workers (21) , who observed that depolarization of hippocampal neurons with KCl or stimulation through the N-methyl-D-aspartate (NMDA) receptor caused trafficking of the copper exporter ATP7A to the plasma membrane. NMDA stimulation also caused efflux of radioactive copper, except in neurons lacking ATP7A, suggesting that the mechanism of copper release from stimulated hippocampal neurons requires ATP7A (21, 22) .
Work from our laboratory using XFM provided the first direct imaging evidence for selective and dynamic copper translocation upon neuronal stimulation, showing a redistribution of copper from the cell body to dendrites (23) . Comple-mentary visualization of copper fluxes was observed using the fluorescent small molecule Coppersensor-3 (CS3), which undergoes an increase in fluorescence intensity in the presence of copper and provides evidence that mobile neural copper involves labile copper pools. Furthermore, copper redistribution was dependent on calcium signaling, as neurons depolarized in the presence of the calcium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA) did not show a redistribution of copper, suggesting that canonical calcium signaling precedes copper signaling (23) . Additional studies with Copper Fluor-3 (CF3), a copper sensor suitable for use in tissue slices, demonstrated that cultured hippocampal neurons and retinal tissue slices contain an endogenous labile pool of copper that can be depleted by treatment with copper chelators (24) . Depletion of labile copper increased spontaneous activity in these neural models, establishing a fundamental role for copper in regulating normal neural function. Mechanistically, maintenance of the neural labile copper pool depends on the copper import protein CTR1, as neurons isolated from CTR1 ϩ/Ϫ mice contained lower levels of total and labile copper and exhibited higher spontaneous firing, similar to neurons acutely treated with copper chelators (24) , leading to the speculation that CTR1 could serve in an "ion channel-like" role for copper fluxes in certain contexts ( Fig. 1 ). Taken together, these data suggest that some neurons contain pools of labile copper that are required for spontaneous firing and are mobilized during neural depolarization, initiating a copper signal that is dependent on calcium signaling.
The effect of copper signaling on neurotransmission has been explored through studies of receptors exposed to exogenous copper. Included are ␥-aminobutyric acid (GABA) (25) (26) (27) , NMDA (28, 29) , ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) (30) , and P2X (31, 32) receptors, as well as voltage-gated sodium, potassium, and calcium channels (33, 34) . Beyond neurotransmitter receptors, an early prediction by Crabtree (35) that copper could bind thiols to enable olfactory function was validated in an elegant study by Zhuang and co-workers (36) who showed that copper is required for an odorant receptor in mice that senses a thiol-containing pheromone.
Ultimately, the effect of copper on one or more proteins must lead to a change in synaptic strength, activity, or plasticity in Copper can be released from neurons by an unknown process requiring ATP7A. Copper transporter 1 (CTR1) is an essential copper import channel for copper cycling in neurons. Right (Macrophage), upon stimulation of Tolllike receptors (TLRs), the copper exporter ATP7A moves from the Golgi to the phagosome in a copper-dependent manner. ATP7A pumps copper into the phagosome, leading to microbial death or requiring microbes to adapt to high copper conditions. THEMATIC MINIREVIEW: Copper signaling in the brain and beyond order for copper to impact neural output and behavior. In rat hippocampal slices, application of as little as 1 M CuCl 2 inhibited long-term potentiation (LTP) (37), a measure of the strength of a synaptic connection, an effect also observed in rats fed a high copper diet (38) or injected with copper (39) . However, copper-mediated inhibition of LTP, measured at the cellular level, does not correlate with memory loss, as rats injected with copper show no defect in navigating a Morris Water Maze (39) . Recently, LTP in mouse amygdala slices was shown to be suppressed by acute bath application of the extracellular copper chelator bathocuproine sulfonate (BCS), suggesting that endogenous extracellular copper is necessary for LTP (40) . Additionally, copper has been shown to lower the firing threshold and increase spontaneous activity in the rat hippocampus CA1 region, whereas copper chelation decreases spontaneous activity (41) . Finally, in addition to copper's roles in learning and memory, copper has also been shown to influence circadian rhythm. Chelation of copper with BCS or tetrathiomolybdate (TTM) from slices of circadian clock neurons caused ϳ2.5-3-h phase delays in circadian neuronal activity, which depended on NMDA receptor activity (42) . Interestingly, copper addition also altered circadian rhythm, but in a manner independent of NMDA receptor activity, suggesting a separate mechanism for this effect (42) .
Beyond impacting normal neural function, copper directly interacts with cellular prion protein (PrP C ), amyloid precursor protein (APP), SOD1, and huntingtin (Htt), proteins involved in spongiform encephalopathy, Alzheimer's disease, amyotrophic lateral sclerosis (ALS), and Huntington's disease (HD), respectively. PrP C and APP bind copper through their extracellular domains (43, 44) , and PrP C may serve as a buffer for copper binding in the extracellular space, perhaps at the synapse (45) . Indeed, expression levels of PrP C (43) and APP (46, 47) have been shown to influence neural copper levels, placing PrP C and APP in the network of proteins that regulate neural copper homeostasis. Interestingly, copper also alters the activity of glycogen synthase kinase 3␤ (GSK3␤), an enzyme involved in regulating APP processing, linking copper to APP biology through multiple mechanisms (48, 49) . Additionally, pathological aggregation of both APP and Htt may be mediated by copper binding (50, 51) . Indeed, Zhou and co-workers (51) showed that when potential copper-binding residues on Htt were mutated, changes in neural copper homeostasis no longer influenced Htt aggregation, suggesting that copper levels directly impact HD progression. Finally, aggregation of mutant forms of SOD1, an enzyme that requires copper and zinc cofactors for catalytic function, leads to ALS (52, 53) , and the disease course can be modulated by changes in dietary zinc and copper (54) .
Copper homeostasis is intricately connected to health and disease in the brain, and these connections have been established on biochemical, physiological, and behavioral levels. For detailed discussions of the role of copper in neurobiology, the reader is referred to recent reviews by D'Ambrossi and Rossi (55), Gaier et al. (56) , and Opazo et al. (57) . Although neurobiology has long hinted at the prospects of copper signaling, the identification and study of copper signaling in other tissues with more detailed study of specific molecular targets are rapidly expanding. We now turn our attention to these systems.
Copper in immunology: Toxin or resource?
Besides the brain, copper is mobilized in other cells and tissues in response to a variety of stimuli, including infection. The antimicrobial properties of copper have been appreciated for centuries, and today, copper is used in medical devices to prevent fouling from microbial growth (58, 59) . Appropriately, the mammalian immune system also uses copper's toxicity to prevent microbial growth. Innate immune cells, such as macrophages, respond to infection by internalizing microbes into vesicles called phagosomes, which rapidly acidify and are filled with reactive oxygen species (ROS) and lytic proteins that kill microbes (60). In a seminal study, Petris and co-workers (61) showed that in response to bacteria or immune stimuli the ATP7A copper exporter in macrophages moves to the phagosomal membrane in a copper-dependent manner, suggesting that copper is mobilized within immune cells during infection and may be pumped into phagosomes as part of an immune response ( Fig. 1) . Indeed, Escherichia coli cells lacking the bacterial copper exporter copA are less able to survive internalization within macrophages than wildtype E. coli, but this deficit is ameliorated when ⌬copA E. coli cells are internalized within ATP7A Ϫ/Ϫ macrophages (61) . These data suggest that phagosomal copper negatively affects bacterial growth, such that bacteria possess copper export machinery able to repel a copper insult. A copper-sensing and export response has been observed in a variety of bacterial pathogens, including Mycobacterium tuberculosis (62) , Streptococcus pneumoniae (63), and Salmonella enterica sv. typhimurium (64, 65) , and copper accumulation has been measured by XFM imaging of macrophages infected by Mycobacterium species (66) .
Pathogenic yeast, including Candida albicans and Cryptococcus neoformans, may harness mobilized phagosomal copper to augment virulence. Copper hyper-accumulation is necessary for yeast virulence in some systems (67) , and metallothionein, a protein that sequesters and buffers copper, is up-regulated in yeast during infection (68) . Additionally, C. albicans can switch from a Mn-SOD to a Cu,Zn-SOD under high copper conditions (69) , and it expresses a copper-only SOD at the cell surface that may be metallated directly from copper in the phagosome (70) . Thus, the copper that the host cell injects into the phagosome as a toxin becomes a resource that the pathogen uses to detoxify ROS.
As copper mobilization is an integral part of the innate immune response, manipulating labile copper within immune cells may be a viable therapeutic for microbial infections. For example, cellular treatment with the copper ionophore 8HQ increases bioavailable copper within cells and reduces microbial growth (17) . Recently, a caged form of 8HQ, which may be subsequently uncaged in the presence of ROS, was developed to mobilize copper specifically within ROS-producing macrophages, resulting in higher microbial killing (71) . As the need for new antimicrobial compounds continues to increase, copper may emerge as a valuable linchpin for gaining leverage over microbial pathogens.
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Controlling cancer with labile copper
Metal dyshomeostasis and an oxidizing cellular environment are hallmarks of cancer cells (72, 73). As a result, substantial research has been dedicated to understanding and manipulating copper in cancer to prevent cancer progression. Delivery of copper to cancer cells, for example as a disulfiram complex (74) or bis(thiosemicarbazonato) complex (e.g. Cu(Gtsm) (75)), takes advantage of the oxidizing environment in cancer cells, which is less equipped to buffer increases in copper, to cause cell death (76) . Additionally, systemic chelation of copper with TTM has shown positive results in phase II clinical trials for the prevention triplenegative breast cancer (TNBC) metastasis, a lethal step in TNBC progression (77, 78) .
Here, we emphasize the growing importance of copper in cancer as a regulator of tumor cell proliferation. In cancer as well as healthy cells, the mitogen-activated protein kinase (MAPK) pathway is a signaling cascade that drives cellular proliferation and differentiation. Activating mutations in upstream components of the pathway, such as BRAF V600E , lead to constitutive MAPK signaling, causing tumorigenesis and tumor growth (79) . At the terminus of the MAPK pathway, MEK1/2 phosphorylates the MAPK protein (ERK1/2), which in turn phosphorylates and activates various enzymes and transcription factors. BRAF inhibitors are used to treat BRAF-mutant cancers, but resistance commonly arises as cells acquire activating mutations downstream, for example in MEK1/2 (80) . Foundational studies by Thiele and co-workers (81) in fly and mouse cell models led to the discovery that copper is required for MEK1/2 activity. Biochemical characterization demonstrated that copper binds directly to purified MEK1/2, facilitating phosphorylation of recombinant ERK1/2 in vitro; conversely, copper chelation inhibits ERK1/2 phosphorylation in vitro (81) . Elegant work by Brady et al. (82) showed the physiological importance of this copper-MAPK connection in a cancer setting. In melanoma cells carrying the oncogenic BRAF V600E mutation, knockout of the copper importer CTR1 decreased phospho-ERK1/2 levels and inhibited cell proliferation. Restricting labile copper by oral administration of TTM to mice for 2 weeks inhibited the growth of tumors from injected BRAF V600E mouse embryonic fibroblasts or BRAF mutant DM440 melanoma cells. Notably, TTM treatment was effective against tumor cells expressing MEK1/2 C121S , a mutation known to confer resistance to tumors treated with BRAF inhibitors (82) . Together, these studies reveal that labile copper can play a key role in the growth of cancer and that restriction of the labile copper pool can inhibit cancer growth by limiting MEK1/2 activity, even in the presence of mutations known to activate MEK1/2. The requirement of copper for full MEK1/2 activity suggests that cells or tissues may regulate copper pools to tune the MAPK pathway, integrating a transition metal signal into traditional kinase signal transduction pathways (Fig. 2) . Indeed, manipulation of copper levels through administration of copper chelators or ionophores may be an effective way to modulate MAPK signaling, particularly in the context of combination therapies for cancer.
Copper regulation of fat metabolism
Dysregulation of lipid metabolism is a symptom of dietary copper deficiency or overload (83) (84) (85) . Moreover, during the progression of diet-induced non-alcoholic fatty liver disease, liver copper levels decrease, and the expression of copper homeostasis proteins is altered (86, 87) . In addition to such nutritional studies linking copper and fat metabolism, the mouse model of Wilson disease, which lacks the copper exporter ATP7B and accumulates copper in the liver, shows changes in lipid metabolism in the liver before traditional Wilson disease symptoms, such as inflammation and liver failure, appear (88) . A liver-specific ATP7B knockout mouse develops lipid dysregulation without inflammation, suggesting that metabolic symptoms may be directly linked to copper levels and not a secondary symptom of liver inflammation observed in Wilson disease (89) .
Consistent with dietary and genetic studies linking longterm changes in copper to changes in fat metabolism (90, 91) , work from our laboratory identified copper as a newly recognized allosteric regulator of phosphodiesterase 3B (PDE3B), a phosphodiesterase that controls lipolysis in adipocytes (92) . Lipolysis, the breakdown of triglycerides into glycerol and fatty acids, may be induced in tissues and cells by treatment with isoproterenol, which stimulates the ␤-adrenergic receptor and induces a signaling cascade mediated by the second messenger cyclic-adenosine monophosphate (cAMP). Elevated cAMP levels stimulate protein kinase A (PKA), leading to downstream events that culminate in lipid breakdown (93) . Copper-deficient adipose tissue isolated from ATP7B knockout mice and stimulated with isoproterenol releases less glycerol and has lower cAMP levels than isoproterenol-stimulated adipose tissue isolated from healthy heterozygous siblings (92) . In differentiated 3T3-L1 cells, a cell culture model of white fat, copper supplementation potentiated and copper chelation inhibited isoproterenol-induced glycerol release, demonstrating that fat metabolism is influenced by manipulation of the labile copper pool. Additionally, the fluorescent copper sensor copper silicon Rhodol 1 (CSR1), but not the control CSR1 analog lacking cop- (Cancer Cell) , stimulation of growth factor receptors (GFRs) or mutations in proto-oncogene protein B-Raf (BRAF) cause activation of the MAPK pathway, leading to phosphorylation of mitogen-activated protein kinase kinase (MAP2K1/2 or MEK1/2). MEK1/2 activation requires direct binding of cellular copper, which is supplied through the copper importer CTR1. Fully activated MEK1/2 phosphorylates MAPK or ERK, leading to tumor growth. Right (Adipocyte), activation of the ␤-adrenergic receptor (␤-AR) causes recruitment of a G-protein (G s ) and activation of adenylyl cyclase (AC). Adenylyl cyclase converts adenosine triphosphate (ATP) to cyclic-adenosine monophosphate (cAMP), which activates downstream pathways leading to lipolysis. The pathway is shut down when cAMP is hydrolyzed by phosphodiesterase 3B (PDE). However, direct binding of copper to phosphodiesterase inhibits cAMP hydrolysis and maintains activation of the lipolysis pathway.
THEMATIC MINIREVIEW: Copper signaling in the brain and beyond per-responsive binding groups, revealed an acute decrease in labile copper after isoproterenol treatment within 5-10 min, before the onset of fatty acid release, suggesting that changes in labile copper are upstream of lipid breakdown (92) .
Further characterization of the lipolysis signaling cascade identified PDE3B, the phosphodiesterase responsible for hydrolyzing cAMP to shut down lipolysis, as the molecular target of copper. Biochemical studies of PDE3B demonstrated direct inhibition of PDE3B by copper binding to Cys-768, a cysteine located away from the enzyme-active site, establishing Cys-768 as the first example of a molecularly characterized allosteric copper-binding site (92) . Indeed, in cells expressing PDE3B with a C768S mutation, changes in copper levels no longer impacted isoproterenol-induced lipolysis. These data revealed a copper signal that acts through allosteric modulation of PDE3B to affect lipolysis in cells and animals, and the data demonstrated the intersection of copper signaling with signaling through the second messenger cAMP (Fig. 2) . Together with dietary and genetic studies, these biochemical studies suggest that manipulation of copper levels may be a viable option for influencing molecular pathways controlling fat metabolism and treating diseases involving dysregulation of lipid homeostasis. Indeed, a subsequent study by our laboratory using the luciferin-based bioluminescent probe CCL-1 revealed a liverlocalized copper deficiency in a diet-induced model of nonalcoholic fatty liver disease (87) .
Conclusion
Copper signaling represents a canonical example of transition-metal signaling and illustrates the broad and growing influence of this new paradigm on the health and disease of diverse tissues and systems within mammalian organisms, spanning neurobiology, immunity, fat metabolism, and cancer. To date, multiple potential protein targets of copper signaling have been identified, and an allosteric binding site that confers dynamic copper responsiveness has been identified for the first time in PDE3B (92) . This work is accompanied by the observation of copper-MEK interactions that presage a potentially rich copper kinome to mine (82) . Efforts to rigorously identify the molecular mechanisms of copper signaling in other tissues, especially the brain, will advance the field of copper signaling by connecting intriguing observations about copper-related phenomena, such as learning and memory, to molecular targets that may be subjected to pharmacological and/or genetic manipulation.
As the field of copper signaling continues to mature, many questions remain, including identifying the origins of copper signals. In the brain, extracellular copper signals may be released directly from the synapse (20) . Interestingly, vesicular storage and mobilization of copper have been observed in other systems, including the algae Chlamydomonas reinhardtii, which accumulate copper in acidocalcisomes and mobilize stored copper under conditions of nutritional copper restriction (94) . In mammalian systems, intracellular copper trafficking is influenced by the cell's redox state (95) , and changes in redox state may be able to trigger mobilization of copper signals. Other storage sites for copper, which may serve as the origin of copper signals, include the copper chaperones (96) or small molecules such as glutathione (6) . Continued efforts to develop new technologies to image and characterize copper pools in living systems will aid in addressing these outstanding questions (14, 18, 97, 98) .
In addition to exploring the origins of copper signals, the ability to manipulate copper signaling may prove an effective therapy, whether alone or in combination with existing therapies, for diseases such as neurodegeneration, infection, cancer, and obesity. Manipulation of copper levels may be achieved most simply by adjustment of dietary copper intake, whereas targeted delivery of copper supplements, chelators, or ionophores to specific organs could serve to mitigate potential toxicities associated with systemic changes to copper homeostasis. Finally, this short discussion has focused on copper, but this metal represents just one transition-metal signaling element in the periodic table of life, and opportunities spanning chemistry, biology, and engineering of metals will surely contribute to a better global understanding of health, aging, and disease.
